The use of boundary layer trips in wind tunnel experiments forces transition to fully turbulent flow, which affects the resulting acoustic signature. Boundary layer trips are often too small to be modeled geometrically in computational simulations, making it difficult to consider their influence. The goal of this study was to determine the best method for representing the effects of a boundary layer trip in the benchmark aeroacoustic problem of flow over tandem cylinders in a wind tunnel. This case is pertinent to the study of aircraft landing gear noise because periodic vortex shedding results in pronounced acoustic tones in addition to broadband noise from turbulent wake interactions. A hybrid Lattice-Boltzmann Method/Ffowcs-Williams Hawkings technique was used to predict the transient flow field and the resulting noise. This study compared four methods for simulating the trip's effects: 1) applying a surface roughness on the upstream cylinder; 2) reducing the viscosity of the fluid; 3) applying a geometric trip on the upstream cylinder that is one volume element thick; and 4) forcing velocity perturbations in the incoming free stream. Of these methods, reducing the fluid's viscosity was the most effective way to reproduce the highly turbulent flow patterns and the acoustic signature.
INTRODUCTION
With increased airplane traffic and the development of residential communities around airports, noise emissions from airplanes have attracted more attention. Noise from flow over airframe components such as landing gear is of particular concern during approach and landing because the propulsion systems are operating at very low capacity. In this study, numerical tools were used to predict the aerodynamic noise from flow over two parallel circular cylinders, one in front of the other. Flow past tandem cylinders is pertinent to the study of landing gear noise because periodic vortex shedding and turbulent wake interactions cause intense surface pressure fluctuations that act as dipole sound sources. The same noise generation mechanisms exist on realistic landing gear designs [1] .
The tandem cylinder geometry considered in this study is one of the Benchmark problems for Airframe Noise Computation (BANC) cases. At the BANC workshops in 2010 and 2012, various commercial Computational Fluid Dynamics (CFD) companies, government agencies, and academic institutions presented results. The tandem cylinder submissions to the first BANC workshop were summarized by David Lockard [2] , and some groups published papers on their work [3, 4, 5, 6] . Overall, it was found that despite the simple geometry, flow over tandem cylinders is challenging to model accurately, particularly due the boundary layer trip on the upstream cylinder [2] . Boundary layer trips serve to force transition to a fully turbulent boundary layer. This affects the flow separation point on the upstream cylinder [7] , which in turn affects the flow field between the cylinders and the resulting acoustic signature. In this particular case, the trip was located at an azimuthal angle of 55
• from the leading stagnation point. It resulted in experimental surface pressure profiles which were more representative of a Reynolds number above 4×10
6 , compared to a geometric Reynolds number of 1.66×10
5 [8] , calculated using Eq. 1.
Boundary layer trips are typically too small to be included in the physical domain of numerical simulations. Other methods must be considered to account for their influence. In general, the BANC participants have provided little discussion on this topic in previous studies.
The purpose of the present study was to investigate various methods for simulating the high-Reynolds number effects of the boundary layer trip in the tandem cylinder case. To do this, a hybrid LatticeBoltzmann/Ffowcs-Williams Hawkings technique was used to predict the transient flow field and resulting far-field noise signature. Different methods were evaluated through comparisons with experimental acoustic and aerodynamic results provided by NASA. Improved methods to simulate the effect of a boundary layer trip should improve the accuracy of unsteady lift, drag, and radiated noise predictions.
COMPUTATIONAL METHODS

Lattice-Boltzmann Method Flow Solver
For this study, the commercial CFD package PowerFlow 4.4b, from Exa Corporation, was used to compute the transient flow field. In contrast to most CFD codes, which are based on the Navier-Stokes equations, PowerFlow uses the Lattice-Boltzmann Method (LBM). The LBM is based on kinetic theory and uses statistical thermodynamics to track the distribution of particles in a system. The LBM is highly parallelizable and can handle complex geometry without necessitating a complicated grid setup [9] . In recent years, LBM has been validated as an effective tool for aeroacoustic simulations [10, 11, 12] .
A D3Q19 model was used for lattice discretization in this study, which implies 19 velocity direction vectors in three spatial dimensions. The LBM solver in PowerFlow has previously been summarized in works by Casalino [10] and Brès [3] .
Ffowcs-Williams Hawkings Sound Propagation Solver
The far-field acoustic signature was computed using the convective form of the Ffowcs-Williams Hawkings (FWH) equations. The FWH solver is based on Formulation 1C [13] , which can be considered a modified version of Farassat's Formulation 1A [14] . The use of Formulation 1C permits for the calculation of sound propagation through a moving medium, making it useful for wind tunnel configurations. 
CASE SETUP Geometry
The test section consisted two cylinders of length 16D, spaced at a distance of 3.7D, and mounted perpendicular to the flow using two side plates. Experimental acoustic data was recorded at NASA's Quiet Flow Facility, an open-jet anechoic wind tunnel. To simulate these conditions, a duct was included in the simulation geometry, as shown in Figure 1 .
(a) Duct geometry. The left endplate is hidden to expose the cylinders.
(b) Cylinder spacing. The inclusion of the duct in the computational domain allows for the development of a more realistic velocity profile at the jet exit. Furthermore, it helps account for the shear layer interaction with the side plates, which can act as a source of broadband noise. In order to simulate the anechoic properties of the wind tunnel facility, a very large computational domain was used. This resulted in very large volume elements near the domain boundaries, where acoustic pressure waves could not be resolved.
Grid and Simulation Parameters
The grid and simulation parameters are summarized in Table 1 below. 
Boundary Layer Trip Simulation Methods
1) Surface Roughness
Like a boundary layer trip, surface roughness tends to promote early transition to fully turbulent flow, meaning the fluid behaves as though it has a higher Reynolds number [7] . In research by Zdravkovich [15] , it was reported that surface roughness can alter the separation point of flow around a cylinder. This method was used in the tandem cylinder study by Exa, who reported acoustic results that compared well with experiment [3] . The same surface roughness of 0.05mm was therefore selected for this study. Surface roughness is accounted for in PowerFlow's turbulence model, which is described by Casalino [10] . 2) Reduced Viscosity Following Eq. 1, reducing the fluid's viscosity directly increases the Reynolds number. In this study, the air viscosity was reduced below its physical value, resulting in a Reynolds number of 4×10 6 . This matches the effective Reynolds number observed in the experiments [8] .
3) Geometric Trip
The experimental boundary layer trip consisted of a thin strip with a sinusoidal waveform on the trailing edge, seen in Figure 2(a) . The waveform was too small to accurately reproduce in the simulation so a trip consisting of small rectangular prisms with the same pitch was used instead, as seen in Figure  2(b) . The thickness of the simulated trip was a single volume element, which was approximately twice the thickness of the experimental trip. 
4) Velocity Fluctuations
Turbulence can be characterized by velocity fluctuations, representing a deviation from the local mean velocity. Therefore, in an attempt to simulate a highly turbulent flow, random velocity fluctuations were applied at the inlet to the wind tunnel. The inlet condition used the formula in Eq. 2. The rand() function outputs a random number between 0 and 1, unique to each location and time.
RESULTS
Aerodynamic Results
The mean streamwise velocity between the two cylinders is compared with experimental data in Figure 3 . It can be seen that reducing the viscosity resulted in the most accurate mean velocity profile. It was the only simulation in which the mean velocity transitioned from negative to positive.
The above phenomenon can be further explained by examining streamlines from the simulations, as shown in Figure 4 . In the reduced viscosity simulation, the recirculation zone occurred immediately behind the upstream cylinder, beyond which the flow transitioned to a positive velocity. In the case of the other simulations, the recirculation zone occupied the entire space between the two cylinders. This suggests that reducing the viscosity more accurately captured the properties of the highly turbulent flow.
The mean surface pressure profiles around the upstream cylinder are compared with experimental data in Figure 5 . With the exception of the geometric trip case, each of the simulations followed similar pressure profiles. However, the flow separation in the reduced viscosity simulation was further delayed, yielding better agreement with experimental data. Since turbulent boundary layers have more mixing, the velocity gradient at a wall boundary is significantly higher than for a laminar boundary layer. This results in delayed flow separation [7] . The most distinctive pressure profile was that of the geometric trip case. It is apparent that the trips, located at 55
• and 305
• , caused the flow to separate immediately, in contrast with the experiment. This early separation can also be seen in the velocity contour plot of Figure  4 
Acoustic Results
It was observed that flow past the upstream cylinder generates a turbulent wake and periodic vortex shedding. As the vortices and wake impinge on the downstream cylinder, intense surface pressure fluctuations occur, making the downstream the cylinder the primary noise source. at 45º. For these two plots, the surface roughness simulation was not set up to save the pressure data at these locations. It has therefore been left out of the figure. On the upstream cylinder at 135
• , the reduced viscosity simulation accurately predicted the primary tone at 180Hz, which is the result of periodic vortex shedding from the upstream cylinder. It also captured the broadband noise up to approximately 1500Hz. While the resolved frequency range extended beyond this level, it is possible that the pressure fluctuations were too low in amplitude to be captured by the simulations. The geometric trip simulation also captured the broadband noise up to approximately 1500Hz, but under-predicted the frequency of the vortex shedding tone. A lower vortex shedding frequency is representative of a less turbulent flow [7] , providing further evidence that the geometric trip case did not reproduce the high-Reynolds number effects. In the velocity fluctuations case, only a very small tone was observed, and the fluctuations resulted in increased broadband noise up to approximately 1500Hz.
On the downstream cylinder at 45
• , the surface pressure fluctuations were significantly higher in amplitude and the broadband noise was therefore better predicted. The same tonal trends from the upstream cylinder were observed at this location as well. Figure 7 shows the far field results at a microphone located relative to the upstream cylinder at (−8.33D, 27.815D, 0). The acoustic signature at this location was calculated using the previously described FWH solver. The input for this calculation consisted of the transient surface pressure data on the upstream and downstream cylinders, as well as the side plates to which they were mounted. As in the previous results, the reduced viscosity simulation compared best with the experimental results. The primary vortex shedding tone, the resulting harmonic tones, and broadband noise up to 5000Hz were all captured accurately. The surface roughness and geometric trip cases both predicted tones, but as with the surface spectra, they were lower in frequency and less pronounced. Despite this, those two cases accurately predicted much of the broadband noise up to about 5000Hz. Finally, as previously observed with the surface spectra, the velocity fluctuations case resulted in a very large over-prediction of broadband noise.
CONCLUSIONS
Computational fluid dynamics simulations of the BANC tandem cylinder case were completed using LBM. The results from these simulations were used as input to a FWH solver in order to compute the acoustic signature at a far-field microphone. Aerodynamic and acoustic results from the computations were compared with experimental data from NASA's QFF facility. In each of the simulations, a different method was used to account for the high-Reynolds number effects of the boundary layer trip that was used in experiment.
In this study, it was found that reducing the viscosity yielded aerodynamic and acoustic results that compared best with experiment. The viscosity was reduced such that the simulated Reynolds number was 4×10 6 . This value was selected because the BANC problem stated that the experimental trip resulted in pressure measurements more representative of flows with Reynolds numbers above four million. None of the simulations that used the geometric Reynolds number of 1.66×10 5 were able to accurately predict the frequency or amplitude of the primary vortex shedding tone. However, with the exception of the velocity fluctuations simulation, the broadband noise was predicted accurately in all cases.
For future LBM simulations, if an effective Reynolds number from a boundary layer tripped experiment is known, then matching it via reduced viscosity it may help to better capture the acoustic tones in the flow. In many cases, this information is not readily available, and so different metrics should be considered. For example, if the turbulent kinetic energy is known from experiment, then it would be possible to approximate the value of the Taylor microscale, from which the effective Reynolds number can be estimated [16] . This method could be investigated using the tandem cylinder data set in a future study.
